This paper proposes a Genetic Algorithm (GA) to optimise vehicles' interior noise and vibration caused by powertrain, tire-road surface interaction and type of car. Toward this end, an experimental design was carried out to obtain the noise and vibration data of three local compact-sized cars at stationary and running conditions and varying engine speeds. The acquired data were analysed to obtain sound quality parameters such as loudness and sharpness, sound pressure level and vibration exposures in the interior cabin. Besides that, a K-means clustering algorithm was utilised to cluster the noise and vibration to determine the comfort level in the vehicle's interior cabin. The overall findings indicate that the comfort level is influenced by the types of road surface, powertrain and vehicle design. The results also indicate that the proposed GA approach is reliable and can be utilised by automotive researchers to identify the optimal Noise, Vibration and Harshness (NVH) values for vehicle refinement and noise control.
INTRODUCTION
Vehicle noise and vibration is a key attribute to car quality and reliability and it can influence customers' decisions in buying a car [1] [2] [3] [4] . Since the 1980s, automotive noise and vibration has received tremendous attention by researchers and has become an essential factor in vehicle design and validation process. The main sources of vehicle noise, vibration and harshness (NVH) that were identified consist of the tyre-road noise which dominates in the medium and high-speed ranges, the powertrain noise [5] which is dominant in low to medium speed ranges, and the wind noise that is dominant in high speed ranges [1] . The interior NVH can be classified into air-borne noise and structureborne noise based on their transmission to the passenger cabin. The structure-borne noise is caused by a vibrating source (i.e. the engine structural vibrations) that induces acoustic energy to travel through solid structures and then released as air-borne noise [6] . In the case of noise due to tyre-road interaction, vibration energy is structurally transmitted through the chassis and suspension where it then radiates from the body panels into the passenger compartment. The repetitive exposure to structural vibration (hand, foot and backrest) for long periods can lead to Whole Body Vibration (WBV) [7, 8] . For the last two decades, minimizing the interior's NVH has been a key focus of research in the automotive industry. Various methods have been applied, including psychoacoustic, subjective assessments and active or passive noise cancelation techniques [9] [10] [11] [12] [13] [14] [15] [16] . Other studies have employed shock absorbers and computational fluid mechanics in hybrid cars to improve ride comfort [17, 18] . However, recent demands and competitiveness have forced the automotive industry to strive for more economical and lightweight designs which has resulted in making the vehicle's interior invariably noisier due to the increased level of structural vibration. In an attempt to resolve the aforementioned problem, various testing and assessment methods have been developed to characterise and assess the noise and vibration in the interior cabin. It is a great challenge for sound quality engineers to match customers' expectations towards vehicle cabin noise which brings about physical and subjective evaluations. Another concern on sound quality is that different car types have different levels of comfort as perceived by customers. From luxury cars to compact cars, different sound qualities will be expected and thus, require further investigation in terms of sound classification based on the car segment. In this case, bias in perception will occur since every user will have a pre-set view of comfort rating based on their perspective and daily exposure. The characteristics of a vehicle's interior sound can be described as informative as it implies a certain image and may identify similar optical impressions [19] . To this end, multiple researchers have employed psychoacoustic metrics in an attempt to evaluate the vehicle's interior noise and vibration and thus its sound quality such as in [3, 9-12, 15, 20-27] .
Recent researches in Malaysia have focused on investigating the NVH in Proton sedan cars while neglecting compact cars. For example, Nore et al. [10] developed a comfort index called the Vehicle Acoustical Comfort Index (VACI) to evaluate the sound quality and comfort level in the interior cabin of the Proton Perdana V6 by combining subjective and objective measurements. VACI has been applied extensively in various studies including [13, 28] . In another study, Nopiah et al. [29] proposed a method to cluster and classify the level of sound quality (noise and vibrations) into categories according to their comfort level in vehicles' interior cabin. Meanwhile, Nopiah et al. [28] proposed a goal-programming approach to optimise the comfort level in Proton sedan cars by considering the interior noise caused by the powertrain NVH. Recently, Nopiah et al. [13] proposed a hybrid fuzzy nonlinear weighted goal programming that optimises the acoustics level in the Proton Perdana sedan V6 cabin. In another study, Nopiah et al. [30] assessed the vehicle's interior sound quality (noise and vibration) using hybrid classification and clustering techniques including neural networks, hierarchical clustering and Linear Discriminant Analysis (LDA). Other studies have investigated the vertical Whole-Body Vibration (WBV), and steering and engine performances such as in [8, 31, 32] . Based on the above discussion and literature, it must be pointed out that sound quality differs in different automotive vehicles and thus, the existing models do not provide reliable solutions to the noise and vibration phenomena. Instead, the proposed models are valid for certain types of vehicles and under specific testing conditions and considerations. Thus, it is extremely difficult to completely eliminate vehicle interior noise; however, it can be controlled and optimised. Hence, based on previous studies, the methods employed to evaluate interior noise should be investigated further. In light of these, an accurate experimental evaluation and optimization of vehicles' (compact-sized) NVH at both idle and running conditions is essential in order to undertake an accurate refinement of vehicle sound quality. Such procedures should measure noise and vibration concurrently to determine the effects of structural vibrations on vehicles' overall sound quality. Besides , the literature indicates limited studies on the noise and vibration of compact-sized cars' interiors, particularly in Malaysia. Hence, this paper intends to propose an experimental design to acquire sound and vibration signals using three local compact cars namely Myvi, Viva and Axia which have not been explored on in previous studies. The purpose is to identify, characterise and validate the noise and vibration sources in order to provide suggestions for improvement in the vehicles' interior sound comfort. Moreover, this paper proposes an optimisation method using the Genetic Algorithm to optimise the noise and vibration in vehicles' interior cabin. GA is an effective heuristic approach which enables the searching for the optimal noise and vibration values to minimise vehicle interior noise. The purpose of developing the GA model is to determine the extent to which vibration exposures influence the noise (loudness, sone) level in the interior of a vehicle's cabin. The GA model considers loudness as the control variable, while vibration values act as the independent variable.
METHODS AND MATERIALS

Experimental Design
The experimental design was developed to identify variables which are known to influence noise and vibration in vehicles' interior cabin. We defined three main influences which are powertrain, road surface and type of cars Measurements were carried out under four driving conditions namely pavement, highway, urban and idle as illustrated in Figure 1 . The duration of measurement was set to 10 seconds and the experiments were repeated seven (7) times in order to ensure the statistical reliability and accuracy of data because encountered errors may occur during the tests. The sound and vibration signals were measured against changes of engine speed rpm at 1000, 1250, 1500, 1750, 2000 and 2250. Four running criteria were imposed, including the appropriate placement of microphones and accelerometers, sealed windows, usage of air conditioning, and manual control for the wheel and engine speeds according to the test plan. Furthermore, the tests were done at night to minimize ambient noise. Aerodynamic noise was ignored as its contribution is small at low vehicle speeds. The microphone and accelerometers locations are illustrated in Figures 2 and 3 respectively. 
Noise and Vibration Evaluation
The most efficient noise assessment method is the psychoacoustics Zwicker objective metrics loudness (sone) and sharpness (acum) [33, 34] . They bring about the sound assessment without the need to perform any tedious subjective assessment tests. These objective measures are intended to describe the sounds experienced in the interior cabin efficiently. For example, loudness aims at characterising humans' awareness towards the strength of the perceived sounds. In this study, the Sound Quality Software Bruel & Kjaer (B & K) type 7698 was utilised to analyse the recorded sounds in order to obtain the sound quality's Zwicker loudness and sharpness with respect to different engine speeds, road surfaces and car types. In addition, sound quality parameters are observed against sound pressure levels in all 7 recordings. Some examples of sound quality loudness and sharpness for Axia on a pavement road surface and at an engine speed of 2000 rpm are described in Figure 4 For vibration evaluation, ISO 2631 and the BS 6841 were used as reference where the vibration severity estimation was taken from the axis that has the highest vibration. The Root Mean Square (RMS) method was used to assess the total vibration exposure to passengers and drivers within the given time duration. The method is mathematically expressed in Equation (1) (ISO 2631). 
Interior Comfort Clustering
Clustering is a multivariate iterative process used to simplify the large noise and vibration database in order to obtain useful and meaningful information to describe the comfort level in a vehicle cabin. The K-means algorithm is developed in this study using MATLAB software to cluster the comfort level. The reason behind selecting it is that it provides accurate and tight clustering. Here, the comfort level is clustered into 5 categories as described in Table 1 . In this case, the clustering of vibrations was conducted with respect to the trends of sound quality loudness in the vehicle interior cabin. The purpose of clustering is to determine the impact of both sounds and vibrations concurrently on the overall comfort in the interior of the vehicle cabin. The process of grouping the noise and vibration data is through their distances from each other, and is called Euclidean distances. This distance refers to the distance between the noise and vibration points and the corresponding centroid. During the process of clustering, after the number of clusters is specified, the k-means selects a set of n points known as clusters seeds as the first guess of the mean of the clusters. Each observation is assigned to the nearest seed to form a set of temporary clusters. After that, the seeds are replaced by cluster means, and the points are reassigned. The process continues until no further changes occur in the clusters. The flowchart of the k-means clustering algorithm is displayed in Figure 5 . 
Genetic Algorithm
The Genetic Algorithms (GA) model was developed in this study to optimise the noise and vibration in the interior cabins of three compact-sized cars, namely Axia, Myvi and Viva. The GA model aims to search for promising noise and vibration values that produce the minimum loudness value and thus, achieve the optimal comfort level. The GA model considers loudness as the control variable, while the vibration values act as the independent variable. To optimise noise and vibration, six chromosomes were identified in which each chromosome represents one point of vibration. In this case, the search for an optimal value goes through the six chromosomes that represent the vibration exposures. At the start, the initial vibration population was generated by following the rules of max and min values of vibrations as the purpose is to determine optimal vibration values through the assessed vibration exposure points. Next is the reproduction step which is to select chromosomes from the population to be parents for the new chromosomes, and entering them into the mating pool. The parent chromosomes' selection is done according to the min and max vibration values. Next, each new generation of chromosomes were formed through reproduction, crossover and mutation on the old + -End population. Finally, the offspring chromosomes were compared with the population pool ones via their fitness values to derive a new population where the weak chromosomes are eliminated or replaced with a child chromosome from the offspring pool. The fitness of the GA is based on the loudness identified in the early evaluation of the measured sound.
To sum up, the complete optimisation procedures of the GA approach are described in the following points:
i.
Step 1: Generate an initial population of N solutions and identifying the size and length of the selected chromosomes. The probabilities of the crossover pc and the mutation pm are also identified in this step. ii.
Step 2: Evaluate each solution of the initial population using a fitness function/objective function. This evaluation serves to measure the performance of the process and creates the base for the chromosome selection process which will be mated during the reproduction stage. iii.
Step 3: Select solutions as parents for the new generation based on probability or randomness. The best solutions (in terms of fitness or objective) have a higher probability to be selected than poor solutions. iv.
Step 4: Use the parent solutions from Step 3 to produce the next generation (called offspring). This process is called as crossover. The offsprings are placed in the initial set of solutions to replace the weaker solutions. v.
Step 5: Randomly alter the new generation through mutation. Usually, this is done using a mutation probability. vi.
Step 6: Repeat Step 2 through
Step 5 until the stopping criterion is met. vii.
Step 7: Replace the parent (initial) chromosome populations with the offspring (new) populations. viii.
Step 8: Go to Step 4, and repeat the process until the criteria of termination is satisfied. The termination criteria can be realised by either the number of iterations or when a specific objective function is achieved. In this study, the GA coding is made to run 10 times for 5000 iterations, and the results are then averaged to determine the minimum sound quality value and thus, optimal comfort. The crossover rate was set to 25% and the mutation rate to 75%. The GA coding model was conducted for every tested engine speed according to the road surface type and car.
RESULTS AND DISCUSSION
The results of sound quality loudness and sharpness as well as psychoacoustic sound pressure levels for Viva, Myvi and Axia on a highway road surface are presented in Table  2 . The displayed results are the average of seven recorded runs at different engine speeds rpm. It can be observed in Table 2 that there are significant increases in loudness, sharpness and sound pressure values with increases in engine speed. Besides, the type of road surface is a major contributor to the overall sound quality in the interior cabin. Pavement road surfaces produce higher noise (loudness and sharpness) than highway and urban road surfaces. This can be due to the irregularities and uneven structures of pavement road surfaces which cause a louder noise in the vehicle cabin [30] . Meanwhile, due to the smoothness and even structure of the highway road surface, less amount of noise is produced in the three tested cars [30] . As for the urban road surface, the amount of noise is less than that of the pavement road surface. For idle conditions, the interior noise is high due to the increase of engine speed while the car is stationary, as shown by the results in Table 2 . Apart from this, it can be observed that the type of car influences the amount of noise produced on the highway, pavement, urban and idle driving conditions. Although there is not much difference between the noises in the three tested compact cars, Axia has the highest comfort compared to Myvi and Viva in both stationary and non-stationary conditions. Meanwhile, the average results for the vibration evaluation on the highway road surface for Axia, Myvi and Viva are presented in Table 3 . Based on these results, it can be observed that the vibration exposures are influenced by the changes in engine speed (rpm) as well as the type of road surface and car. When the engine speed (rpm) is increased, the vibration exposure in the interior vehicle cabin also increases as shown by the results in Table 3 . In addition, the type of road surface impacts the vibration in the vehicle interior cabin in which the pavement road surface produces the highest vibration level compared to highway and urban road surface. However, the values of vibration exposure at idling conditions are higher than at running conditions as the increase in engine speed while the car is in a stationary condition contributes to higher noise as indicated by the results in Table 2 . As such, Axia has the lowest vibration dose among the three cars. Meanwhile, the results of the comfort clustering for Axia, Myvi and Viva on the highway road surface are presented in Table 4 . It can be observed that Axia has the most comfortable interior cabin when under highway, pavement, urban and idle driving conditions. Interior comfort in this case is described based on the clustered loudness and vibration exposures in the interior cabin of the three tested cars. Table 4 . Average clustering results for cars on the highway road surface. The highway road surface produced the highest comfort values as indicated by "Comfortable" and "Very comfortable" clusters for Axia, Myvi and Viva respectively. Meanwhile, the pavement road surface produced the lowest comfort which can also be described by the number of clusters in the "Noisy" and "Very noisy" clusters [29] . It can be concluded that the type of road certainly influences the interior comfort level in Axia, Myvi and Viva. As for the idle driving condition, the level of comfort depends on the increase of engine speed while the car is in a stationary condition (with zero excitation of tires with the road surface). In fact, comfort in this case depends on the design of the vehicle structure, mainly the engine and mechanical components. In this case, the results indicate that the interior comforts of Axia, Myvi and Viva in idle conditions ares in a comfortable range.
(a) Axia (b) Myvi (c)Viva Figure 6 . Graphs representing the fitness functions of the genetic algorithm for Axia, Myvi and Viva on the highway road surface.
Apart from this, Figure 6 shows the scatterplot of the iteration and fitness of the GA model of Axia, Myvi and Viva on the highway road surface. Throughout these graphs, the search for the optimal values of loudness (fitness) using the GA model was limited to 5000 iterations (stopping criteria of GA model). At this point, the values for loudness and vibration exposures were chosen as the optimal solution by the GA model. Those figures represent the 10 th run of the GA model. Moreover, the average results of the genetic algorithm optimization model for Axia, Myvi and Viva according the highway, pavement, urban and idle conditions are summarized in Table 5 . Based on the GA results, the optimal values of vibration exposures which produce minimum noise can be described by the fitness (loudness) of the GA model. When comparing the obtained loudness values with the ones measured and analysed in the section "Evaluation of Noise and Vibration", we can conclude that the GA model is reliable and accurate. The GA results indicate that Axia has the most comfortable interior cabin when under highway, pavement, urban and idle driving conditions as determined by the amount of loudness (fitness) produced as shown in Table 5 and Figure 7 . Figure 7 . Line Plots for Axia, Myvi and Viva's fitness on the highway, pavement, urban and idle conditions.
In addition, the pavement road surface produces the highest loudness values (fitness), while the highway road surface produces the lowest volume ( Figure 7 ). This means that the type of road and tyres influences the amount of comfort in the interior vehicle cabin as well [28] . At idling conditions, the GA model produces less loudness due to the lower contribution from engine transmission, mechanical accessories, and tyre-road as seen in the results included in Table 5 . Thus, it can be observed that Axia on idle has a quieter cabin compared to Myvi and Viva. Apart from this, Figure 6 shows the scatterplot of the iteration and fitness of the GA model of Axia, Myvi and Viva on the highway road surface. Throughout these graphs, the search for the optimal values of loudness (fitness) using the GA model was limited to 5000 iterations (stopping criteria of GA model). At this point, the values for loudness and vibration exposures were chosen as the optimal solution by the GA model. Those figures represent the 10 th run of the GA model. Moreover, the average results of the genetic algorithm optimization model for Axia, Myvi and Viva according the highway, pavement, urban and idle conditions are summarized in Table 5 . Based on the GA results, the optimal values of vibration exposures which produce minimum noise can be described by the fitness (loudness) of the GA model. When comparing the obtained loudness values with the ones measured and analysed in the section "Evaluation of Noise and Vibration", we can conclude that the GA model is reliable and accurate. The GA results indicate that Axia has the most comfortable interior cabin when under highway, pavement, urban and idle driving conditions as determined by the amount of loudness (fitness) produced as shown in Table 5 and Figure 7 . In addition, the pavement road surface produces the highest loudness values (fitness), while the highway road surface produces the lowest volume (Figure 7 ). This means that the type of road and tyres influences the amount of comfort in the interior vehicle cabin as well [28] . At idling conditions, the GA model produces less loudness due to the lower contribution from engine transmission, mechanical accessories, and tyre-road as seen in the results included in Table 5 . Thus, it can be observed that Axia on idle has a quieter cabin compared to Myvi and Viva.
CONCLUSIONS
This paper's main contribution is the proposed Genetic Algorithm that can be used to optimise compact-sized cars' interior noise and vibration caused by powertrain, tyre-road surface interaction, and type of car. Psychoacoustic objective assessments and sound quality software were employed to obtain the sound pressure level, loudness and sharpness. The interior vibration was assessed using the ISO 2631 Root Mean Square method. Furthermore, this study investigated sound quality and vibration exposures in the interior cabin under different parameters -type of road surface, engine speed and type of car. The results showed that the sound quality and thus the comfort in the vehicle interior cabin are influenced `by these parameters. Conclusively, Axia has the best sound quality and comfort level compared to Myvi and Viva on the highway, pavement and urban roads at both idling and driving conditions as indicated by the k-means clustering algorithm and the GA model. The proposed Genetic Algorithm model produces optimal noise and vibration values and is a promising method for further research.
